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1
The demand for energy is increasing around the world due to population growth and 2 industrialisation. Fossil fuels such as oil and natural gas are considered as primary 3 sources of energy. In 2035, more than 80% of the energy consumption will be 4 produced by fossil fuels in some developed countries [1] . Producing energy by 5 traditional methods leads to more gas emissions and accelerated global warming. 6 Alternative renewable sources of energy such as solar energy, wind energy and 7 geothermal energy are required [2] . 8 In response to the need for alternative energy sources, solar cooling technologies 9 have become an important factor especially in hot countries due to the huge amount 10 of solar radiation and the need for cooling. Solar cooling systems are 11 environmentally friendly compared to conventional cooling systems and are an 12 important technology to reduce emissions [3] . 13 Pazheri et al. [4] estimated that a 20 MW solar plant, which would need an area of [4] . 20 In Europe, the residential sector accounts for about 40% of energy consumption and 21 heating purposes represents about 68% of this sector [5, 6] . In contrast, cooling 22 systems have been the main energy consumer in the residential sectors in hot 23 climatic conditions. In Saudi Arabia, 72% of residential electricity is consumed by 24 cooling equipment [7] . 25 However, in the last decade, many researchers has focused on solar cooling systems 26 and so different types of solar thermal cooling systems have been reviewed [8, 9] . 27 The use of solar collectors such as FPC and ETC for thermally driven solar cooling 28 systems and photovoltaic panels (PV) to provide electricity for vapour compression 29 air conditioning units has been discussed [10] [11] [12] . The application of thermally driven 30 systems such as absorption, adsorption, desiccant and ejector systems have been 1 highlighted in the review papers [13] [14] [15] . Options for thermal and cold storage have 2 also been discussed [16] .There are limitations in some of these reviews because they 3 were specified in a particular region or application [13] . 4 Alili et.al [9] reviewed solar thermal air conditioning technologies and reported a 5 number of research outcomes from the point of view of working fluid temperature, 6 collector type, collector area, storage volume and COP values. The authors evaluated 7 research depending on conditions such as the temperature of evaporators, 8 condensers and generators. From this research, evaporator temperature is in the 9 range of -9 °C and 26 °C, condenser temperature in the range of 24 °C and 45 °C and 10 generator temperature between 74.1 °C and 120 °C. The paper analysed six 11 experimental and five simulation studies and reported that the average area of solar 12 collector for a solar absorption cooling system is 4.67 m 2 /KWc. The areas required of 13 evacuated tube collectors ranged between 2.7 to 9.4 m 2 /KWc while these areas were 14 1.4 to 3.3 m 2 /KWc for flat plat collector. 15 Review papers that focus on solar cooling absorption technology are scarce; Zhai, Qu 19 systems, aiming to reduce the initial cost of the systems. The authors discussed 20 auxiliary components that are typically used in the systems such as backup heating 21 and some solar collector types. The paper did not report any existing PVT collectors 22 and only one CPVT project was mentioned. Different types of absorption solar 23 cooling systems which include single effect, double effect and half effect absorption 24 cycle have been also reported in the review papers [19] [20] [21] . The required heat 25 source temperature, refrigeration output, capacity range, COPs and fluid pairs have 26 been reported for single-effect absorption refrigeration cooling technologies in Table   27 1. Table 2 illustrates small capacity absorption chillers in market which is in the range 28 of 4.5 KW to 17.6 KW. The incorporation of solar collectors such as ETC and FPC with absorption chillers 7 have been highlighted but there is a lack of data in the use of photovoltaic thermal 8 collectors (PVT) with absorption chillers [22] . 9 Based on the performance and the initial cost of solar cooling systems, single effect 10 absorption systems were estimated to be more efficient with lower costs. The 11 majority of this research analysed the incorporation of solar collectors such as ETC 12 and FPC with absorption chillers, but most did not report the cost of solar collectors, 13 their efficiencies and the overall system cost. From previous review papers, there is a 14 lack of data on the combination of photovoltaic thermal collectors (PVT) with 1 absorption chillers [18] . In these studies, absorption systems shows an opportunity 2 to achieve a relatively high COP (0.5 -0.8) for generation temperature in the range of 3 70°C and 90°C [8, 18] . 4 The aim of this review is to establish the current developments in the field of 5 photovoltaic thermal collectors (PVT) for cooling purposes and to identify the 6 opportunity of using PVT for absorption cooling system. The review also includes the Table 5 , 6 and 7 with a focus on collector types, thermal and electrical efficiency, 19 COP and the capacity of the projects. 
Thermal collectors' absorption cooling systems 21
The dominant driving power in solar absorption cooling systems is the thermal 22 power from solar energy collectors. Solar radiation is absorbed by solar collectors 23 then delivered to the storage tank through a hydraulic pump. A backup heater is 24 fixed with the storage tank and the temperatures in the system should be managed 25 to meet the required temperature for the absorption chiller. The most common 26 working fluid in absorption systems are H2O/LiBr (Water is refrigerant) and NH3/H20 27 (Ammonia is refrigerant) [12] . Figure 1 shows a schematic diagram of the solar 28 cooling system which consists of a thermal solar absorption system, made up of solar 29 collector, storage tank and absorption chiller. Hartmann et al. [24] also carried out a comparison between a solar electric 4 compression refrigeration system and a solar adsorption refrigeration system to 5 evaluate the primary energy savings and the cost to meet the demand for heating 6 and cooling of a typical building in Germany and Spain. The cooling and heating load 7 throughout the year, the performance of photovoltaic PV system and the 8 performance of a FPC system were simulated in TRNSYS for varying solar collector 9 areas. The study highlighted that the annual cost of a solar cooling system was 128% 10 higher than a conventional compression chiller in Spain and 134% in Germany whilst 11 the annual cost for solar electric cooling varied between 102-127% in Spain and 102-12 125% in Germany. They concluded that for the same energy saving in the PV cooling 13 systems with a defined of PV field area, six times this area would need to be covered 14 by FPC solar collectors. Figure 3 shows the investment cost for a solar thermal 15 system ST and a solar electric system PV, achieving a primary energy saving of 36% in Fig.3 The investment cost for solar thermal system ST and solar electric system PV to 2 achieve primary energy saving of 36% in Germany, Freiburg [24] . 3 4 Ayompe et al. [25] carried out work on a forced circulation solar water heating 5 system with FPC and heat pipe ETC. They considered meteorological weather data in backup heater [25] . 15 The electrical system, which included photovoltaic panels and a vapour compression 7 system. The reference system was an air cooled vapour compression system that 8 consumed electricity from the grid as displayed in Figure 5 . 
12
The authors highlighted that 12 m 2 of evacuated tube solar collector were required 13 to produce 1 ton of refrigeration (3.517 KWc) for solar absorption cooling system and 14 7 m 2 of PV panels were required for solar electric cooling system. They also 15 established energy saving, for both the PV and thermal system based on specific 16 parameters and conditions such as electric rate of $0.1/KWh as shown in Figure 6 . These findings can be used as an initial assessment for solar cooling systems. 4 However, they are preliminary results and further investigation is needed to validate 5 these results [1]. 6 Eicker et al. [2] carried out an economic evaluation of photovoltaic (PV) and thermal 7 cooling systems based on primary energy savings in a case study building with 309.9 8 m 2 floor area. This study included a reference system, which included a 30-50 KWc 9 vapour compression chiller derived by grid electricity and 1500L cold storage tank. 10 The study included a PV cooling system which was composed of a vapour collector efficiencies were 31% and 23% for CPC and FPC respectively. The primary 19 energy consumptions for each cooling system is shown in Figure 8 . concluded that the reduction of the initial cost of solar cooling system is a key factor 5 for the system to be a competitor in the market and reported valuable specific cost 6 parameters for the initial assessment for the solar cooling system. They also 7 suggested parametric studies for the system to reduce the energy demand [2] . 8 Figure 9 describes the thermal solar cooling absorption system with cold and hot 9 storage tank. Alternative technologies have been used in this study as shown in Table3 and   5 TRNSYS dynamic simulation has been used to evaluate the systems based on the 6 performance and economic analysis. In the thermal cooling system, FPC, PTC and ETC were the alternatives to single and 11 double absorption chillers. In the PV cooling system, Mano-crystalline (m-si) and 12 Amorphous-crystalline (a-si) photovoltaic panels were the alternatives to supply 13 electricity to air or water cooled chillers. The findings in the study indicated that the 14 use of PV panels were generally better than the use of solar collectors for cooling 15 purposes in the working conditions and 50% overall system efficiencies (OSE) were 1 reported for PV-msi and PTC double effect absorption system as shown in Figure 10 .
Fig.10
Seasonal overall system efficiencies (OSE) for different technologies from 4 Noro and Lazarin study [26] . 5 The authors also reported that seasonal thermal efficiency for ETC was the highest 6 among the solar collectors by 54% and 57% in Milan (MI) and Trapani (TR) 7 respectively while the highest seasonal electrical efficiency was approximately 11% 8 for PV-msi as in Figure 11 . Noro and Lazarin study [26] . 3 The work concluded valuable economic analysis and more investigation are of a PVT system are the PV cells to produce electricity, channels for the fluid, 15 absorber plate and thermal insulation to minimize the heat loses as shown in Figure   16 12. and design parameters that affect PVT performance [30] [31] [32] [33] . However, few studies 19 relate to the use of PVT for cooling purposes. The following research in this section 1 discussed these studies. study concluded that the design factor's that achieve high outlet PVT temperature 5 include mass flowrate, addition of glazed cover and hydraulic channel geometry. 6 Mittelman et.al [35] studied the performance and the economic viability of using temperature from 50 °C to 150 °C while the thermal efficiency was about 60% in 19 the same range of the coolant temperature. 20 The authors reported that the PV cell temperature was 10-30°C higher than the 21 outlet coolant temperature and the rated electric power and cooling power were 22 0.518MWe and 1.0MWc respectively, while the annual electric and cooling energy 23 were 1244MWhe and 4380MWhc. In this system, the thermal energy was considered 24 to be used directly to the absorption chiller without use of a storage tank which is 25 expected to increase the overall efficiency of the system and decrease the backup 26 heater capacity. Figure 13 describe the photovoltaic thermal (PVT) module. The findings of this study indicated that PVT performance is significantly affected by 4 ambient and operating temperature. They also found that the PVT system can 5 produce 18% electrical efficiency at an outlet fluid temperature in the range of 80°C. The authors reported that the type of the cover of PVT systems is an important 7 factor that affects the PVT performance and further research is required. They 8
highlighted that the tube and sheet c-Si PVT systems show a good ratio of energy 9 production for cooling and heating. In the study it was shown that surplus electricity 10 was produced and was sold to the grid or supplied to the building for other purposes 11 [37]. 12 Calise et al.
[38] investigated a dynamic simulation system for cooling, heating and shown in Figure 15 . TRNSYS was used to simulate the project throughout the year. throughout the year were 32% and 13.3% respectively. The primary energy saving 10 and simple payback period were 84.4% and 15.2 year respectively. Furthermore, the 11 study highlighted the need for a public fund for the CPVT cooling systems in order to 12 become a competitor compared to conventional systems. They reported that no 13 prototype for this system had been tested. respectively throughout the year while the LINMABP technique was used to select 13 the optimum value for each component of solar collectors and the size for the 14 storage tank and the battery. The relative annual benefit (RNAB) was defined as the 15 annual profit from the use of solar system instead of the reference system which 16 included heat pump grid electricity dependent to provide cooling and heating for the 17 space and gas fired water heater to provide domestic hot water. The finding in this 18 study reported that the optimum value for a stand-alone system for the CCHP were 19 9 CPVTs, 5 PVs, 1.97m 3 water storage tank and 33.99kWh battery while exergy 1 efficiency and RNAB were 9.1% and 6279$/year respectively. The work concluded a 2 good correlation between the simulation and experimental results that were 3 reported from the CPVT manufacturer. 4 From the literature, there are limited experimental and simulated projects that used 5 PVT collectors with absorption chillers because the PVT system is more expensive 6 than the conversional collectors and may produce electricity more than is required 7 for the absorption cooling system. Most of the reviewed projects exported electricity 8 to the grid or utilized it for other purposes such as domestic load. In the following 9 research, PVT was used for other cooling systems. the electricity produced from the PVT met the compressor's electricity requirement. 7 The system was tested during June 2013 for one hour each day and further research 8 is needed to examine it continuously during the day as well as the need for 9 electricity and thermal storage technologies to be conducted in the system. and heat recovery wheel as in Figure 19 . with heat pump and desiccant with an enthalpy wheel. The packing factor which was 5 defined as the percentage of the PV cells that covers the glazed area of PVT was also 6 investigated (100% means that PV covers all the glazed area) as in Figure 21 . The findings of the study highlighted that by varying the PVT area from 30-50 m 2 for 10 all cases with the desiccant standard system, the simple payback period was in the 11 range of 9.6 to 13.7 years. They reported that maximum temperature for the outlet 12 PVT was in the range of 62-70°C and integrated PVT with cooling technologies was 13 more efficient comparing to PV with vapor compression systems. and provide exact thermal and electrical efficiency for the PVT throughout the year.
7 Figure 22 shows the schematic diagram of PVT floor heating system. 
8 ∆ is the difference between the capital cost of the proposed and the reference 9 system and ∆ represents the difference between the operation cost for the 10 reference and proposed solar systems.
11
Cost of primary energy saved( , ) is another economic indicator which 12 calculates the ratio of the annual additional cost of the solar system (∆ , ) to the 13 primary energy saved ( ) and is written as:
15
There are other indicators that concern about environment such as global energy 16 requirement (GER), global warming potential (GWP) and Ozone depletion potential 17 (ODP) [12] .
18
Based on a survey of 50 projects on different climatic conditions, the average initial 19 investment cost of solar cooling absorption systems is 267% higher than electric 20 compression chiller (310 Euro/KWc for absorption chiller) and the average primary 21 energy saving for absorption systems in the range of 25-52% [12] . Table 4   22 summarises initial costs for the main components and some other prices in solar 23 cooling systems from the literature. 
Experimental studies 16
Outdoor testing were mainly used in the literature in order to carry out the Table. 5.
10 Table. 5 Summary of the solar absorption cooling system, experimental studies. computational and experimental studies. [77]
[39]
[78]
[79]
[38] This review included experimental and computational work focusing on collector 3 types and their efficiency and the performance for solar absorption cooling system. 4 The major challenge in the use of photovoltaic thermal collectors for absorption chillers is to 5 achieve high thermal and electric efficiency with producing sufficiently high outlet fluid 6
temperature. The economic feasibility for the overall system is also an important factor and 7
further research is suggested as the following: absorption systems need to be studied.
10
 Control strategies for PVT absorption cooling system and operating scenarios 11 need to be instigated.
12
 Heat transfer, electrical and thermal efficiency of photovoltaic thermal 13 collectors that coupled with absorption cooling systems need to be analysed. 
